Poly(dC-dG) was reacted in vitro to yield templates containing similar amounts of aminofluorene (AF) or acetylaminofluorene (AAF) adducts. These modified poly(dC-dG) templates were tested in an in vitro DNA methylation system utilizing 1500-fold purified rat liver methyltransferase (DMase) to compare and quantitate the effects of these adducts on the kinetics of methylation and the interaction of DMase with such templates. Enzymatic methylation is severely impaired by arylamine adducts, with bound AF inhibiting more than AAF (relative V max 0.24 for AAF-poly(dC-dG) and 0.066 for AF-poly(dC-dG). The apparent 1^ for the reaction is not appreciably altered by AAF modification: 10 uM for dCdG dinucleotide units, but it is threefold lower (3 uM) for AFpoly(dC-dG). In competition experiments it was demonstrated that a translocational block is imposed by the adducts. From differential salt inhibition assays and preincubation assays, no change in the ionic binding to the altered templates could be detected, which suggests that the enzyme interacts verjr strongly through hydrophobic interactions with the fluorene ring. Evidence that the fluorene ring is exposed is supported by circular dichroism spectra of the templates under the conditions of the assay, which indicated that the AF adducts do not appreciably change the normal B conformation of the template, while the template with 9.5% modification by AAF adducts adopted a Z form.
, or deacetylase (7, 8) , the latter yielding N-OH-AF. In support of the latter pathway, in AAF or N-OH-AAF carcinogenesis 80%-90% of the fluorene bound to DNA is unacetylated (9) . When a nuclear metabolizing system is utilized in vitro, this is reduced to 27% (10) , but with a microsomal system as much as 95% of the fluorene bound to DNA is unacetylated (11) . Two adducts, N-(deoxyguanosin-8-yl)-AAF and 3-(deoxyguanosin-N2-yl)-AAF, have been identified in vivo (19) . The C(8) derivative accounts for over 80% of the adducts, while the exocyclic N(2) accounts for the remainder.
Using the synthetic N-acetoxy-N-acetylaminofluorene (N-AcO-AAF) reactive derivative of AAF, the same proportions and types of adducts can be formed in vitro, while no adducts to dC could be detected (9, 11) . Conversely, N-OH-AF is reactive in vitro and yields exclusively the C(8) derivative, which is structurally identical to the alkali deactylated N-(deoxyguanosin-8-yl)-AAF (13) .
Physicochemical studies on these two forms of C (8) adducts indicate that the acetylated form disrupts the normal antl sugar conformation to syn, which rotates the fluorene ring into an intercalating position (base displacement model [14] ), while the normal B-DNA conformation is conserved. In the unacetylated form, the fluorene ring is somewhat buried from spectroscopic evidence that suggests that it interacts with the bases. However, the sugar does not adopt a syn conformation and with increasing AF modification a B •*• C 'transition in helix conformation is observed (15) .
The polynucleotide poly(dC-dG) can, under various condition of high salt, organic solvents, or divalent cations, adopt a left-handed helical Z form in which the dG sugars are forced into a syn conformation while the dC sugars retain their anti conformation (16) . By covalent binding AAF to dG residues a B •* Z conformational shift is facilitated and the Z form stabilized (17, 18) .
The effect of binding AF to dG in this polymer is to facilitate slightly the conversion to the Z form, but only at much higher salt or ethanol concentrations than with AAF (17) . With a high degree of AAF modification (20%), poly(dC-dG) in 50 mM NaCl adopts the Z conformation, while with lesser degrees of modification the polynucleotide is partially in Z (19) . However, AF modification under these conditions gives no indication of even partial Z conformation (17) . Behe & Felsenfeld demonstrated that the methylation of dC to m 5 dC had the effect of facilitating the conversion of poly(dm 5 C-dG) to the Z form, which is sufficiently stablized to exist in Z form under physiological conditions of salt and temperature (20) .
In eukaryotic genomes a small proportion of dC are methylated enzymatically to form the modified base m C, principally in sequences consisting of 5'dCpdG. Several lines of evidence have implicated the methylation of DNA with the regulation of differentiation, gene activity, and X chromosome inactivation (see reviews 21, 22) . Alterations in the characteristic genomic pattern of DNA methylation of differentiated cells has been proposed as a possible mechanism for the induction of neoplasia (23) . We and others have provided evidence that for a large number of chemical carcinogens this correlation holds (24) (25) (26) (27) . During AAF carcinogenesis in rats or mice the DNA methylation levels are affected, resulting in hypomethylated tumor cells (26, 27) and similarly for cells treated with N-AcO-AAF (28). Salas et al (29) and recently Pfohl-Leszkowicz et al. (30) have investigated the mechanism for tlie inhibition of DNA methylation by AAF modified DNA. In this study we address the same problem with respect to the possibility that the effect of AAF or AF adducts may be to induce a local Z conformation in the DNA, which would impair methylation. Secondly, we wish to compare the effect of AF with that of AAF, since the most common form of the adduct is unacetylated in
DNA.
Further, a highly purified preparation of DNA methyltransferase was used.
We investigated the interaction of 1500-fold purified DNA methyltransferase from rat liver with poly(dC-dG) that was reacted in vitro to form either AF or AAF adducts. This enzyme, which functions as an active dimer with molecular weight of 280 kd, appears to be the only major DNA methyltransferase activity in rat liver; and has a preference for methylating doubleover single-stranded DNA and hemimethylated over nonmethylated DNA thus qualifying for the role of "maintenance methylase." The purification, physical, and catalytic properties are described in detail elsewhere (31) . Our results indicate that it interacts with an altered affinity on AF-as well as AAFmodified poly(dC-dG). Furthermore, the binding of the enzyme to the AFmodifled region appears to be irreversible under the condition of the assay which is similar to the effect of AAF adducts as described by Pohl Preparation of Rat Liver Methyltransferase. The method for purification and characterization of the physical and catalytic properties of DMase is described elsewhere (31) . Briefly, with all steps at 0-4°C, DMase was isolated from 0.63 M KC1 extracts of liver nuclei, as described by Simon et al. 
RESULTS
The alternating copolymer poly(dC-dG) in its double-stranded form was used in these studies to approximate a homogenous DNA template with respect to DMase recognition sites; thereby circumventing potential modifying effects of neighboring sequences adjacent to 5'dCpdG sites in native DNAs. In this fashion kinetic parameters with respect to the concentration of 5'dCpdG sites can be determined and compared with those after carcinogen modification.
Poly(dC-dG) was reacted in vitro with N-acetoxy-AAF or N-OH-AF to very similar overall degrees of substitution of AAF or AF moieties (9.5% and 8.5 %, respectively). These templates were compared with each other and against a poly(dCdG) control template in subsequent experiments with an in vitro methylation system that utilizes 1500-fold purified rat liver DMase.
In Figure 1 the time course of methylation of 1 ug input of these arylamine-modified templates was determined in an assay containing 1.5 units of methylation reaction at very low levels of modification (<0.5%)(data not shown).
We next performed competition-type experiments in which, after 30 min methylation of control poly(dC-dG), an equal mass of either AF-or AAFpoly(dC-dG) was added to the methylation system, as shown in Figure 2 . The addition of either carcinogen-modified template slowed down the rate of methylation, although the amount of template was doubled. This implies that while DMase is engaged in methylating poly(dC-dG), it must undergo a dissociation from this template and commence methylation of the carcinogenmodified templates at combined rates that are intermediate between those of poly(dC-dG) and the carcinogen-modified template ( Figure 1 ). As seen in Figure 1 , AF modification of poly(dC-dG) appears to exert a greater inhibitory effect than AAF for equal amounts of competitor carcinogen-modified template.
In Figure 3 Figure 2 . Effect of competitor AF-and AAF-poly(dC-dG) templates on enzymatic methylation of poly(dC-dG). Unmodified poly(dC-dG) was methylated at 37°C in vitro under standard assay conditions. After 30 min incubation, the reaction was split into 3 portions and an equivalent amount of poly(dC-dG), (# 9); AAF-poly(dC-dG), (•-•); or AF-poly(dC-dG), (At-•), was added, and the time course of the reaction followed over the next 60 min. barely increased the rate. However, the rates of raethylation for AAF-and AFpoly(dC-dG) are about 20% and 10% of control, respectively, and by the addition of poly(dC-dG) the rate would be expected to increase in proportion to the degree that DMase is liberated to methylate the active competitor template. Thus, if by 1 hour half of the enzyme had dissociated from the modified poly(dC-dG) template, the overall rate of methylation would be expected to increase to between 50% and 60% of the rate of control methylation. In Figure 3 the effect of late addition of poly(dC-dG) has no effect on increasing the rate of methylation of AF-poly(dC-dG), whereas for the AAF-poly(dC-dG) it is restored by approximately 5%-10%. These results suggest that the effect of arylamine adducts in DNA are to impair the mechanism by which DMase moves along DNA strands or between templates. In the case of AF adducts, the dissociation reaction appears to be completely blocked but only partially blocked for AAF adducts in poly(dC-dG).
Since it might be expected that the interaction of DMase with a region containing arylamine adducts, which block the dissociation or movement of the enzyme, might be detected as a strong binding complex, the following experiment was performed to examine the nature of this binding. The effect of salt on the stability of the DMase/DNA complex which is formed at 37°C in the absence of salt has been described by Drahovsky and Morris (36) , and interpreted on the basis that the enzyme "walks" on DNA. The DMase preparation used in these experiments exhibits this classical response on single-stranded DNA and to a lesser degree on double-stranded M. luteus DNA (31) . In Figure 4 we examine the perturbing effects of salt on the stability of such a complex with control poly(dC-dG) and compared with AF-and AAF-modified poly(dC-dG). By preincubation of DMase with the template for 5 min at 37°C before the addition of salt, a significant stabilization is observed when compared to the addition of salt to the template before incubation with DMase. This results in a curve shifted to the right, showing an enhanced stability with a maximum activity at 25 mM NaCI for this preformed enzyme/DNA complex. When these curves are determined for AAF-poly(dC-dG) and AF-poly(dC-dG), the general shape and displacement of the preincubation curves are similar, although the initial methylation acceptor levels are much lower on these templates. This suggests that the component of ionic binding between DMase and the various sites on unmodified or carcinogen-modified template are not significantly different.
Thus, the lower degree of dissociation on arylamine-modified templates is probably due to increased hydrophobic interactions in the binding of enzyme to arylamine moieties on the DNA.
In Figure 5 the kinetics of methylation of these templates was determined with respect to the total concentration of dCpdG units in the polymers. The but is three-fold lower, 3 pM for AF-poly(dC-dG), which suggest a higher affinity for the latter modified DNA, but no change for the former.
In Figure 6 the CD spectra are shown for the 8.5% substituted AFpoly(dC-dG) under various conditions. In the DMase assay buffer used in this study (20 mM Tris-HCl, pH 7.4, 0.5 mM DTT, and 50 mM NaCl), the CD spectrum of AF-poly(dC-dG) exhibits a slight difference In the CD band centered on 290 nra, in which the extremum is reduced from AE of 1.6 M^cm" that the AF-poly(dC-dG) conformation is not purely in B form under conditions of the assay. It does not, however, display any evidence of being in the Z conformation, except under conditions that favor a shift to the Z conformation (4 M NaCl), then the AF-poly(dC-dG) polymer appears to undergo a conformational shift to the Z form. Furthermore, the conformation of AF-poly(dC-dG) observed in the raethylase assay buffer could not be altered to Z* by heating at 60°C, indicating that the molecule was not in a metastable state as might be suggested from the reduced positive Ae at 292 nm in the AF-poly(dC-dG).
In Figure 7 the CD spectrum of the 9.5% substituted AAF-poly(dC-dG) is (20) . Thus, agents such as AAF (17, 18) or those that alkylate the N(7) of dG (43) 
